has been approved for the treatment of metastatic castration-resistant prostate cancer (mCRPC). However, most patients progress and become chemoresistant, which remains a major challenge in the management of advanced PCa. In this study, we investigated whether genistein, an isoflavone abundant in soy products, could sensitize mCRPC cells to cabazitaxel treatment in experimental models.
INTRODUCTION
Prostate cancer (PCa) is the second leading cause of cancer death in men in the United States. An estimated 241,740 new cases of PCa will be diagnosed and 28,170 patients will die in 2012 [1] . Androgen-deprivation therapy (ADT), or hormonal therapy, remains the first choice in the treatment of both localized and metastatic PCa [2] . After an initial response to ADT, some patients eventually develop metastatic castration-resistant disease (mCRPC). In 2004, two clinical studies demonstrated a survival advantage of docetaxel (Taxotere) chemotherapy in these patients [3, 4] , setting a new standard of care and representing a significant milestone in the treatment of PCa [5] . Recently, the Food and Drug Administration (FDA) further approved cabazitaxel (Jevtana) as the second-line treatment of mCRPC, providing a new option for those patients progressing during or after treatment with docetaxel chemotherapy [6, 7] . Nonetheless, most patients progress while receiving cabazitaxel treatment by becoming chemoresistant, which is lethal with no cure.
Epidemiologic studies have suggested a close association between soy diet and decreased PCa incidence and mortality [8] [9] [10] [11] [12] . For example, a cohort study in the United States involving over 12,000 men found that the consumption of soy milk was associated with a remarkable reduction (by 70%) in PCa risk after approximately 20 years of follow-up, despite extensive adjustment for potential confounding factors [11, 12] . Significantly, a meta-analysis of five cohort studies and eight case-control studies [13] demonstrated an inverse relationship between PCa mortality and dietary consumption of genistein (4′,5,7trihydroxyisoflavone), a highly bioactive isoflavone abundant in soy products [14] . In fact, genistein has repeatedly shown favorable inhibition of tumor growth and metastasis in various pre-clinical PCa models [2, 13, [15] [16] [17] [18] [19] [20] [21] [22] [23] , and several clinical trials have been conducted for the therapeutic efficacy of genistein in PCa patients [16, 17, 24] . Recently, a Norwegian group conducted a placebo-controlled, randomized, double-blind Phase II study to determine the effect of genistein in patients with localized PCa prior to prostatectomy [17, 25] . Serum prostate-specific antigen (PSA) was found to be decreased by 7.8% in the genistein group and increased by 4.4% in the placebo arm. Although the patient numbers in current trials are still relatively low, these reports support the promise of genistein in the management of PCa [11, 26, 27] .
In this study, we evaluated the potential of genistein in improving the therapeutic efficacy of cabazitaxel in a xenograft model of mCRPC. We demonstrated that genistein could significantly increase the expression of a pro-apoptosis protein BCL-2-associated X protein (Bax), thereby enhancing the response of mCRPC to cabazitaxel treatment.
MATERIALS AND METHODS

Cell Culture
Human mCRPC cell lines C4-2 [28] , ARCaP M [29, 30] , PC3, and luciferase-tagged PC3 (PC3-luc) were routinely maintained in T-medium (Invitrogen, Carlsbad, CA) with 5% fetal bovine serum (FBS). Normal human prostatic epithelial cell line (PrEC) was purchased from Lonza Walkersville, Inc. (Walkersville, MD), and cultured with One Prostate Epithelial Cell Medium BulletKit™. Genistein was purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, MO). Cabazitaxel was obtained from Sanofi-Aventis U.S. LLC (Bridgewater, NJ).
Cell Proliferation Assay
Cell proliferation was measured using the CellTiter 96 AQueous Non-Radioactive Cell Proliferation (MTS) Assay kit (Promega, Madison, WI) according to the manufacturer's instruction. For cell viability assay, 4 × 10 3 cells per well were seeded on 96-well plate overnight, and treated with genistein or other reagents at their indicated final concentrations for 72 hr. A microplate reader (Bio-Rad Laboratories, Hercules, CA) was used to determine cell viability, which was expressed as relative survival with controls recorded as 100%. Combination index (CI) was determined using CalcuSyn software (Biosoft, Inc.). A CI value of more than 1 is defined as antagonism, equal to 1 as additive, and less than 1 as synergy [31] .
Apoptosis Assay
A Cell Death Detection ELISA Plus kit (Roche Diagnostics, Indianapolis, IN) was used to determine the effect of genistein and cabazitaxel on the apoptosis in PCa cells following the manufacturer's instruction.
Western Blot Analysis
Total cell lysates were prepared using radioimmunoprecipitation (RIPA) buffer (Santa Cruz Biotechnology). Immunoblotting analysis followed standard procedure [30] . The following antibodies were used: cleaved caspase 3, poly (ADP-ribose) polymerase (PARP), cleaved PARP (Cell Signaling); myeloid cell leukemia sequence 1 (Mcl-1), heat-shock protein 90 (HSP90), Bax (Santa Cruz Biotechnology).
Animal Study
A total of 20 athymic nude mice (BALB/c; National Cancer Institute; 6-week-old) fed with a standard diet were used. PC3-luc cells (2 × 10 6 ) per 100 µl per site were injected subcutaneously using a previously established procedure [32] . One week later, tumorbearing mice were randomly divided into four groups (n = 5 per group) and treated with cabazitaxel (5 mg/kg body weight; 25 µl of injection volume; once per week), genistein (100 mg/kg; 50 µl of injection volume; 3 times per week), cabazitaxel (25 µl of injection volume), and genistein (50 µl of injection volume) combination, or vehicle control (DMSO; 50 µl of injection volume) via the intraperitoneal (i.p.) route, respectively. The bioluminescence intensity of region of interest (ROI) was measured as an indicator of tumor growth with a Xenogen IVIS® 100 bioluminescence imaging (BLI) system once per week following the manufacturer's instruction (Caliper Life Sciences, Hopkinton, MA). Briefly, mice were anesthetized and received an i.p. injection of D-luciferin (125 mg/kg). Images were acquired 25 min after luciferin administration. An integration time of 1 min with a binning of 16 pixels was used for luminescent image acquisition. Signal intensity was quantified as the sum of all detected photon counts per second within the ROI after subtraction of background luminescence [33] . Tumor size was measured in two dimensions with a digital caliper twice per week, starting from week 2. The tumor volume was calculated according to the equation (l × w 2 )/2, where l = length and w = width. The treatment lasted for 8 weeks. Animal protocols were approved by Emory University Institutional Animal Care and Use Committee (IACUC).
Immunohistochemistry (IHC) Analysis
Expression of Bax, Mcl-1 and Ki67 in xenograft tumor tissues were analyzed by IHC staining. Briefly, tissues were deparaffinized, rehydrated, and subjected to 5-min pressurecooking antigen retrieval, 10-min double endogenous enzyme block, and overnight primary antibody incubation, and subjected to prediluted biotinylated pan-specific universal secondary antibody (Vector laboratories) for 10 min. Signals were detected by adding 3,3′diaminobenzidine (DAB) substrate hydrogen peroxide and counterstained by hematoxylin QS. All reagents were obtained from Vector Laboratories (Burlingame, CA). Positive expression was defined as >15% positive staining in cell population.
Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay
TUNEL assay was performed according to the manufacturer's instructions (TUNEL Apoptosis Detection Kit, GenScript, Piscataway, NJ). The slides were routinely dewaxed, hydrated, then enzymatically digested with 20 µg/ml protease K for 30 min at room temperature. Slides then were washed in PBS and placed in 3% H 2 O 2 in methanol for 10 min at room temperature. After washing in PBS, 50 µl TUNEL reaction mixture was added to the tissues and incubated for 60 min at 37°C. Slides were washed in PBS and 50 µl Streptavidin-HRP solution was added to the samples, incubated for 30 min at 37°C. After washing in PBS, DAB working solution was applied to the tissues for 3 min, then slides were routinely counterstained with hematoxylin and dehydrated for coverslipping with Permount.
Statistical Analysis
Treatment effects at specific time-points were evaluated using a two-sided Student's t-test at each measurement time-point. To assess the longitudinal effect of treatment, a mixed model was employed to test the overall difference across all groups as well as between each pair of groups during the whole study period. Kaplan-Meier method was used to generate survival curves. Log-rank test was used to test the difference in the survival times. The significance levels were set at 0.05 for all tests. The SAS statistical package V9.2 (SAS Institute, Inc., Cary, NC) was used for data management and analysis.
RESULTS
Genistein Sensitizes the Response to Cabazitaxel in mCRPC Cells
We first determined the in vitro cytotoxicity of genistein in several PCa cell lines, including PC3, C4-2, and ARCaP M . These cells have the capabilities of androgen-independent growth and proliferation, and can form distant metastatic lesions in animals, thereby closely mimicking the clinical pathophysiology of mCRPC [5] . As shown in Figure 1A , the half maximal inhibitory concentration (IC 50 ) of genistein was 54.0 µM (14.6 µg/ml), 98.1 µM (26.5 µg/ml), and 105.5 µM (28.5 µg/ml) in C4-2, PC3, and ARCaP M cells, respectively. In comparison, genistein had negligible effect on the proliferation on a normal human prostatic epithelial cell line PrEC (Fig. 1B) .
As shown in Figure 1C , cabazitaxel exhibited potent cytotoxicity in mCRPC cells, with the IC 50 ranging between 40 and 55 nM. The addition of low doses (5 µg/ml or 18.5 µM; 10 µg/ml or 37.0 µM) of genistein further significantly reduced the viability of mCRPC cells in the presence of cabazitaxel. Isobologram analysis found that the interaction between cabazitaxel and genistein was highly cell-and dose-dependent. For example, the synergism (CI < 1) was the most significant when cabazitaxel was used at 20 nM in PC3 cells and at 100 nM in C4-2, and ARCaP M cells (CI in bold font). Interestingly, the lower dose of genistein (5 µg/ml) appeared to be more effective than the higher dose (10 µg/ml) in sensitizing mCRPC cells to cabazitaxel treatment.
Genistein Increases the Ratio of Bax/Mcl-1and Activates Apoptosis in mCRPC Cells
In a histone DNA enzyme-linked immunosorbent assay (ELISA)-based apoptosis analysis, genistein was found to dose-dependently increase the cytoplasmic oligonucleosomes in PC3 cells treated with varying concentrations of cabazitaxel ( Fig. 2A) . These data indicate that the combined treatment of genistein and cabazitaxel was more effective than cabazitaxel alone in inducing apoptosis in mCRPC cells. The effect of genistein on apoptotic signals was further examined in mCRPC cells. As shown in Figure 2B , treatment with genistein upregulated Bax and downregulated Mcl-1 in ARCaP M cells, resulting a significant increase in the ratio of Bax:Mcl-1. Consistently, the expression of cleaved caspase 3 and PARP, two general indicators of activated apoptotic process, was also increased. In PC3 cells, however, genistein treatment appeared to be less effective in increasing the ratio of Bax:Mcl-1. Further, genistein treatment at 5 µg/ml appeared to be more effective in increasing the ratio of Bax:Mcl-1 and inducing the cleavage of PARP than that at 10 µg/ml. Taken together, these data suggest that genistein may activate apoptosis and sensitize mCRPC cells to cabazitaxel chemotherapy.
Genistein Retards the Growth of mCRPC and Enhances the InVivo Efficacy of Cabazitaxel
We evaluated the in vivo efficacy of genistein, alone or combined with cabazitaxel, in a subcutaneous xenograft model of PC3-luc cells. Following an 8-week treatment schedule, the average tumor sizes in each group were 2008.7 ± 214.1 mm 3 (control), 1913.5 ± 248.2 mm 3 (genistein), 1650.8 ± 731.4 mm 3 (cabazitaxel), and 419.8 ± 249.2 mm 3 (combination), respectively (Fig. 3A, left panel) . Statistical analysis showed that there was significant difference in the longitudinal tumor sizes across the four treatment groups (P < 0.0001). Tumor growth over time was also significant (P < 0.0001). The pairwise comparisons in tumor sizes over time between two groups were summarized in Figure 3A , right panel. The control group has significantly higher tumor sizes over time than genistein (P = 0.025) and combination groups (P < 0.0001), and marginally significantly higher tumor sizes over time than cabazitaxel group (P = 0.0634). Combination group has significantly lower tumor sizes over time than genistein (P < 0.0001) and cabazitaxel (P = 0.019) groups.
The growth of PC3-luc xenograft tumors was further quantitated independently with a noninvasive BLI procedure (Fig. 3B) . The average intensity of ROI in each group at the endpoint was 2.78 ± 0.43 ± 10 6 (control), 3.09 ± 0.64 ± 10 6 (genistein), 2.37 ± 0.28 ± 10 6 (cabazitaxel), and 1.12 ± 0.37 × 10 6 (combination), respectively (Fig. 3C, left panel) . Similarly, there was significant difference in the longitudinal tumor sizes across the four treatment groups (P < 0.0001). Tumor growth over time was also significant (P < 0.0001). The pairwise comparisons in tumor sizes over time between two groups were summarized in Figure 3C , right panel. Combination group has significantly lower tumor sizes over time than the control (P < 0.0001), genistein (P = 0.0001), and cabazitaxel (P < 0.0001) groups.
In the survival analysis, Kaplan-Meier method did not detect any significant difference in survival between four groups (P = 0.7464) (Fig. 3D) . Compared to the control group, no significant acute toxicity was observed in any of the treatment groups, as demonstrated by body weights (Fig. 3E) and ex vivo examination of major tissues (data not shown).
Taken together, these in vivo studies indicated that combined treatment with low dose of genistein and cabazitaxel could be more effective in suppressing tumor growth than either agent alone.
Genistein Increases Tissue Expression of Bax and TUNEL in PC3 Tumors
The effect of genistein treatment on the expression of Bax and Mcl-1 in PC3-luc xenograft tumors was analyzed by IHC staining (Fig. 4A ) and quantitated (Fig. 4B ). Compared with control group, cabazitaxel did not affect Bax at tissue levels, whereas genistein significantly increased Bax expression when administered either as a single agent or combined with cabazitaxel. On the other hand, tissue expression of Mcl-1 was reduced most significantly by the treatment with cabazitaxel. The combined treatment was effective in inhibiting Mcl-1 in PC3-luc tumors. Further, TUNEL assay confirmed an increase in apoptosis in tumor specimens from mice treated with cabazitaxel or genistein, which is further increased in the tumor tissues treated with the combined regimen. Consistently, expression of Ki67, a general proliferation marker, was significantly reduced in the combined treatment group, indicating the suppression of tumor growth.
DISCUSSION
Resistance to chemotherapy remains a major challenge in the management of mCRPC [7, 34, 35] . Recently, cabazitaxel, a semi-synthetic derivative of a natural taxoid, has been shown to improve the survival of patients with mCRPC that fail docetaxel chemotherapy. However, the benefit in overall survival is only minimal (a median of 3-4 months), at the cost of serious additional adverse effects, usually hematologic with neutropenia [35] [36] [37] [38] . It is imperative to develop new regimens that can enhance the therapeutic efficacy of cabazitaxel and reduce its toxicity. In this report, we present the first pre-clinical evidence demonstrating that genistein could significantly augment the anti-tumor activity of low-dose cabazitaxel in a mCRPC model. These results suggested that the inclusion of genistein in the second-line treatment of mCRPC could be beneficial as an adjunct to cabazitaxel chemotherapy.
Bax is a key player in the regulation of the critical balance between apoptosis and survival in response to extracellular stimuli [39] . By increasing the expression of Bax and/or its ratio 
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Author Manuscript with other anti-apoptotic Bcl-1 family members, such as Mcl-1 [40] , a biological agent could render cancer cells more susceptible to the cytotoxicity of chemotherapeutics. Indeed, genistein treatment resulted in an increase of Bax protein expression and its ratio against Mcl-1 in both PC3 and ARCaP M cells, which could be an underlying mechanism for genistein to potentiate the efficacy of cabazitaxel in these mCRPC cells. These observations were further supported by IHC staining of Bax and TUNEL assays on the PC3 xenograft tumors, and consistent with previous reports on the inductive effect of genistein on Bax expression in other PCa models [41, 42] . On the other hand, although this study identified Bax as one of the major targets of genistein in sensitizing mCRPC cells to cabazitaxel treatment, we will not exclude other possible mechanisms by which genistein inhibits tumor growth and improve chemotherapy. Previous studies have shown that downregulation of matrix metalloproteinase-9 (MMP-9) and receptor activator of NF-κB (RANK) ligand (RANKL), and upregulation of osteoprotegerin (OPG) could also be partially responsible for the anti-metastatic activity of genistein and improved docetaxel efficacy in retarding the skeletal growth of PC3 tumors in severe combined immunodeficient (SCID) mice [18] . It is worthy to investigate whether genistein could suppress these signaling pathways and contribute to the sensitization of mCRPC to cabazitaxel treatment.
An interesting result from our animal studies was that compared with the control group, genistein was only capable of reducing PC3-luc tumor size for up to 6 weeks. The regimen using low-dose cabazitaxel exhibited a similar pattern as that of genistein, and appeared to be more effective in suppressing tumor growth than genistein at most time points, although there was no significant statistical difference between the two treatments (P > 0.34). Excitingly, however, the combined treatment with both cabazitaxel and genistein was found to markedly retard tumor growth in athymic nude mice, when compared to the control group or any other single regimens (P < 0.05). The favorable effect of combination treatment was also supported by its low acute in vivo toxicity, and relatively higher survival rate of animals (3/5, or 60%) at the end point, although the difference in survival between four groups was not statistically significant. In fact, previous studies have reported that genistein could decrease the toxicity of chemotherapy and radiation therapy [22, 43] . Taken together, these evidence clearly demonstrated the potential of genistein as an effective and safe agent to improve cabazitaxel chemotherapy in the management of mCRPC. 
